Introduction {#S0001}
============

Chagas disease, also known as American trypanosomiasis, is a zoonotic disease caused by *Trypanosoma cruzi* parasites, which are transmitted by blood-feeding triatomine bugs. The disease is responsible for a major burden of illness, particularly in the Americas, affecting an estimated 7.2 million people who currently live with *T. cruzi* infection,^[1](#CIT0001)^ and causing up to 10,600 annual deaths,^[2](#CIT0002)--[4](#CIT0004)^ as well an estimated \$7.2 billion in annual economic losses.^[3](#CIT0003)^ However, additional information from the BENEFIT randomized clinical trial indicates that the mortality rate from Chagas disease may in fact be far higher than current estimates indicate.^[5](#CIT0005)^ Drug treatments are effective during the acute phase of the infection as well as in children, but efficacy appears questionable for patients in the chronic phase, with a very high variability in treatment outcomes.^[6](#CIT0006)--[10](#CIT0010)^ Thus, complementary or alternative tools are urgently needed for a better care of infected patients, and vaccines may represent an attractive strategy for the treatment, prevention, or control of *T. cruzi* infections.

Economic modeling pointed out that both a preventive or therapeutic vaccine would provide not only savings in health care costs, but also a positive return on investment.^[11](#CIT0011),[12](#CIT0012)^ In addition, many proof-of-principle studies have now clearly demonstrated that different vaccine formulations can control a *T. cruzi* infection in mice (reviewed in^[13](#CIT0013)^). These are based on DNA vaccines or recombinant virus expressing parasite antigens as well as on recombinant proteins with adjuvants.

In particular, trypomastigote surface antigen (TSA-1) and Tc24 parasite antigens have emerged as very promising candidates for further vaccine development.^[14](#CIT0014)^ Indeed, DNA vaccines expressing these antigens, alone or in combination, have been found to be able to control a *T. cruzi* infection in a variety of mouse models^[15](#CIT0015)--[18](#CIT0018)^ as well as in dogs.^[19](#CIT0019),[20](#CIT0020)^ However, currently there are no licensed DNA vaccines for humans due in part to the inability of DNA to elicit robust immune responses in humans as they do in mice.^[21](#CIT0021)^ Therefore we have embarked on the development of a recombinant protein-based vaccine and begun process development for the large-scale production these two antigens as recombinant proteins and testing of their potential for the control of *T. cruzi* infection. Production of recombinant Tc24 and its variants has been described and its efficacy to induce an immune response and control infection in different formulations has been demonstrated.^[22](#CIT0022)--[24](#CIT0024)^ There is additional evidence for Tc24 and TSA-1 combinations to enhance vaccine efficacy.^[12](#CIT0012)^

Here we focused on developing a production process for TSA-1 and testing its efficacy as a therapeutic vaccine against *T. cruzi* in mice, as a new critical step towards the development of a multi-antigen vaccine. TSA-1 is 85 kDa parasite protein belonging to the trans-sialidase family of surface proteins, playing an important role in the scavenging of sialic acid by the parasite.^[25](#CIT0025),[26](#CIT0026)^ Several members of this protein family have been found to be effective vaccine candidates against *T. cruzi* in a wide range of formulations.^[15](#CIT0015),[27](#CIT0027)--[32](#CIT0032)^ In particular, the amino-terminal moiety of the protein is the most immunogenic and able to confer protection against infection, whereas the carboxy-terminal part, appears to mask protective epitopes from the amino-terminal part of the proteins.^[33](#CIT0033)^ We thus developed a scalable expression and purification process, for the large-scale production of rTSA-1, and tested its efficacy as a therapeutic vaccine formulated with several adjuvants, for the control of a *T. cruzi* infection in mice.

Results {#S0002}
=======

Expression, purification and refolding of rTSA-1 {#S0002-S2001}
------------------------------------------------

We first developed an expression, purification and refolding process for rTSA-1. The expression was induced for 18 h at 30°C in a 10 L batch culture with a yield up to 270 mg of rTSA-1/L ([Figure 1A](#F0001)). The recombinant protein was found in the insoluble fraction as inclusion bodies (IB) and one purification step using Ni-affinity chromatography was sufficient to recover up to 90% of rTSA-1 with up to 95% purity ([Figure 1B](#F0001)). The best refolding yields (up to 75%) were obtained by SEC with a protocol where a linear gradient of 0 to 8 M urea was introduced in the 0.3CV before the sample injection followed by a 1.2 CV of elution step with refolding buffer without urea. [Figure 2A](#F0002) shows the chromatographic profile of a single SEC refolding batch of rTSA-1 in an 82 ml column. The left shoulder of elution peak (a) contains few rTSA-1 aggregates. The main elution peak (0.67 CV) eluted up to 75% of the refolded rTSA-1 (b) without urea and only small amount of the recombinant protein co-eluted with a lower concentration of urea (c) ([Figure 2C](#F0002)). Similar results were obtained when the refolding protocol was scaled up to 475 ml column ([Figure 2B](#F0002) and [2D](#F0002)). The chromatographic profile of ten consecutive SEC refolding batches using the 82 ml column ([Figure 3](#F0003)) indicates that this SEC refolding protocol is reproducible. The refolded rTSA-1 (0.2--0.3 mg/ml) (fraction b) was concentrated, and the refolding buffer exchanged to PBS by dialysis or Gel filtration chromatography. The estimated overall yield was about 20--25% of the expressed rTSA-1 with an endotoxin level less than 10 EU/mg of protein. The purified TSA-1 from inclusion bodies and refolded by Size Exclusion Chromatography had a final purity of 94--96%.10.1080/21645515.2018.1520581-F0001Figure 1.Expression of the recombinant TSA-1 in *E. coli* BL21 (DE3).A fermenter containing 10L 2xYT medium (supplemented with kanamycin 50 µg/mL) was inoculated with *E. coli* BL21 (DE3)/pET41TSA1. When the optical density (OD~600~) reached 0.6, the expression of the recombinant protein was induced with 1 mM IPTG (USB) at 30°C maintaining the OD at 30% saturation. **A)** SDS-PAGE analysis of the induction of rTSA-1 in a batch fermentation. Total cell extract before and after the addition of 1 mM IPTG (2-18h) and without IPTG (N). Molecular marker (M). **B)** The rTSA-1 expressed as inclusion bodies was purified under denaturing conditions by Ni^2+^ Affinity chromatography. SDS-PAGE analysis of the total cell extract (lane 1), solubilized inclusion bodies (lane 2) and purified rTSA-1 (lane 3).10.1080/21645515.2018.1520581-F0002Figure 2.Chromatographic refolding of rTSA-1.Chromatographic profile of the refolding of rTSA-1 by SEC using 82 mL **(A)** or 475 mL **(C)** volume (Column Volume) of Sepharose 6FF (GE Healthcare, UK) packed into a 1.5 x 50 cm or 2.6 X 100 cm columns respectively. Fractions were collected and pooled in (a), (b) and (c) samples, and analyzed by SDS-PAGE under non-reducing condition; 82 mL column **(B)** and 475 mL column **(D)**. Molecular marker (M), samples (a), (b) (c). See Materials and methods for details.10.1080/21645515.2018.1520581-F0003Figure 3.Consecutive chromatographic refolding batches of rTSA-1.Chromatographic profile of ten consecutive SEC refolding batches of denatured rTSA-1 using a 82 mL volume (Column Volume) of Sepharose 6FF (GE Healthcare, UK) packed into a 1.5 x 50 cm. Absorbance at 280 nm (solid lane) and 0 to 8 M urea gradient (dashed lane). See Materials and methods for details.

Therapeutic efficacy of r TSA-1 against *T. cruzi* infection {#S0002-S2002}
------------------------------------------------------------

Balb/c mice were infected with *T. cruzi*, and treated at days 7 and 14 post-infection with rTSA-1 alone, or formulated with monophosphoryl Lipid A (MPLA) as adjuvant. Control mice received saline solution or the MPLA adjuvant alone. An additional experimental group was treated with a DNA vaccine encoding TSA-1. Parasitemia was measured during 30 days post-infection, and confirmed that control mice receiving saline solutions presented a high parasitemia, which peaked at day 27 post-infection ([Figure 4](#F0004)). Significant differences were observed among the different groups (ANOVA F = 4.01, *P* = 0.01). Treatment with unadjuvanted rTSA-1 had a negligible effect on parasitemia, but formulation of the recombinant protein with MPLA as adjuvant resulted in a significantly lower parasitemia (Dunn's post-hoc test, *P *\< 0.05), with a 4-fold reduction in the peak parasitemia. Interestingly, therapeutic vaccination with TSA-1 DNA vaccine was less effective than the recombinant protein plus MPLA in controlling parasitemia, while administration of MPLA alone had a similar effect as TSA-1 plus MPLA (Dunn's post-hoc test, *P *\< 0.01) ([Figure 4](#F0004)). Only 57% of mice from the saline control group survived the acute infection, while survival of all vaccinated groups was 85--100%, but this difference was not significant (*P *= 0.12). We also measured circulating IgG antibodies against rTSA-1. Vaccinated mice tended to have higher levels of IgG, but this did not reach statistical significance, and IgG2a/IgG1 ratios remained similar in all groups (Supplementary Figure 1).10.1080/21645515.2018.1520581-F0004Figure 4.Effect of therapeutic vaccination on parasitemia of *T. cruzi* infected mice.Balb/c mice were infected with *T. cruzi*, and treated at days 7 and 14 post-infection with the indicated vaccines (N = 7 mice per group). Control mice received saline solution. Parasitemia was measured over time (**A**), and overall parasitemia was estimated as the area under the curve (**B**) in arbitrary units. There was a significant difference among groups (ANOVA F = 4.01, *P* = 0.01), and \* and \*\* indicate a significant differences with the saline group as determined by post-hoc Dunn's test (*P *\< 0.05 and *P *\< 0.01, respectively). The experiment was performed twice.

Mice were sacrificed at day 50 post-infection, to collect cardiac tissue biopsies, and we further assessed the effect of therapeutic vaccination on *T. cruzi* infection by measuring cardiac tissue inflammation and parasite burden. There were significant differences in inflammatory cell density among groups (Kruskal-Wallis, *P* = 0.036), and therapeutic vaccination with TSA-1 plus MPLA as adjuvant resulted in a significant 2-fold reduction in inflammatory cell density in the heart compared with control mice (Dunn's test, *P *\< 0.05) ([Figure 5A](#F0005), and Supplementary Figure 2). Other vaccinated goups, including MPLA alone, presented small but not significant decreases in inflammation. Similarly, measurement of cardiac parasite burden indicated that control mice presented a high parasite burden, while mice that had been treated with rTSA-1 with MPLA or MPLA alone had a 30--40 fold reduction in parasite burden compared to the saline treated mice (Kruskal-Wallis, *P* = 0.031, Dunn's test *P* \< 0.05) ([Figure 5B](#F0005)).10.1080/21645515.2018.1520581-F0005Figure 5.Effect of therapeutic vaccination on cardiac tissue inflammation and parasite burden in *T. cruzi* infected mice.Mice were sacrificed at day 50 post-infection (N = 7 mice per group) and cardiac biopsies were processed for histopathologic analysis (**A**) and measurement of parasite burden (**B**). Micrographs of tissue sections were stained with hematoxylin and eosin, and inflammatory cell density was determined by image analysis using Multispec. There were significant differences in inflammatory cell density among groups (Kruskal-Wallis, *P* = 0.036). Cardiac parasite burden was measured by qPCR, and showed significant differences among groups (Kruskal-Wallis, P = 0.031). \* indicates a significant difference with the saline group (Dunn's test, P \< 0.05). The experiment was performed twice.

Taken together, these data clearly showed that therapeutic vaccination with rTSA-1 with MPLA as adjuvant was able to control *T. cruzi* infection in mice, as indicated by lower parasitemia, cardiac inflammation and parasite burden. MPLA alone had also a significant therapeutic effect on parasitemia and parasite burden, although it did not reduce cardiac tissue inflammation compared to the rTSA-1-MPLA combination.

Optimization of therapeutic vaccine formulation {#S0002-S2003}
-----------------------------------------------

Given the key role of MPLA adjuvant in potentiating rTSA-1 antigen, we tested different vaccine formulations, to evaluate MPLA at lower (5 µg) and higher (15 µg) doses compared to the initial dose tested (10 µg). Balb/c mice were infected with *T. cruzi* and treated with two doses of the various vaccine formulations at days 7 and 14 post-infection, while parasitemia was measured every 3 days as before. The therapeutic efficacy of vaccine treatment tended to be reduced when rTSA-1 was formulated with a lower or a higher MPLA dose, suggesting that 10 µg was the optimum dose with this adjuvant ([Figure 6A](#F0006) and Supplementary Figure 3). We also evaluated the alternative TLR-4 agonists GLA-SE and E6020, at doses of 5 µg. Antigen formulation with GLA-SE and E6020 resulted in a comparable reduction in parasitemia as MPLA in spite of the lower adjuvant dose ([Figure 6B](#F0006) and [C](#F0006), respectively, and Supplementary Figure 3). As with MPLA, treatment with both adjuvants alone was similarly effective in reducing parasitemia.10.1080/21645515.2018.1520581-F0006Figure 6.Effect of rTSA-1 formulation on therapeutic vaccine control of parasitemia.rTSA-1 antigen was formulated with MPLA at different doses (**A**), or with E6020 (**B**) or GLA-SE (**C**) as adjuvants, and infected mice were treated with two doses of vaccine at days 7 and 14 post-infection (N = 4 to 7 mice per group). Parasitemia was measured to assess vaccine efficacy in controlling infection. (**A**) Formulation with MPLA at 10 µg/dose was the best formulation compared to MPLA at 5 µg and 15 µg (ANOVA, F = 2.67, *P *= 0.04). (**B**) Formulation of rTSA-1 with E6020 and E6020 alone also allowed to control parasitemia (ANOVA, F = 10.26, *P *\< 0.001). (**C**) Similarly, formulation of rTSA1 with GLA-SE and GLA-SE alone significantly reduced parasitemia (ANOVA, F = 4.89, *P *= 0.009). \* indicates a significant differences with the saline group as determined by post-hoc Dunn's test (*P *\< 0.05).

To further understand the role of MPLA dose in vaccine efficacy, we analyzed the cellular immune response at the end of the acute phase. Splenocytes were isolated and stimulated *in vitro* with rTSA-1 to detect antigen-specific responses by flow cytometric analysis. We observed significant differences in the TSA-1 specific activation of CD4^+^ and CD8^+^ T cells producing IFNγ and IL-4 ([Figure 7](#F0007)). Therapeutic immunization with TSA-1 alone did not affect cytokine production by both T cell populations, in agreement with the poor efficacy of the antigen alone to control *T. cruzi* infection. Also as expected, the administration of MPLA alone had no detectable effect on TSA-1 specific immune response, in spite of its significant effect on *T. cruzi* infection. The addition of a 5 µg dose of MPLA to rTSA-1 was insufficient to significantly alter TSA-1-specific immune response. On the other hand, doses of 10 and 15 µg of MPLA allowed to significantly increase antigen-specific cytokine production by CD4^+^ ([Figure 7A](#F0007) and [C](#F0007)) and CD8^+^ T cells ([Figure 7B](#F0007) and [D](#F0007)). Importantly, the dose of 10 µg lead to a more polarized response as it preferentially stimulated IFNγ production, and did not activate significant IL-4 production, while the dose of 15 µg resulted in a less polarized response with a strong stimulation of both IFNγ and IL-4 production. Indeed, only the 10 µg dose allowed to reach a significant increase in the ratio of IFNγ/IL-4 CD4^+^ and CD8^+^ T cells (from 0.24 ± 0.02 to 0.82 ± 0.18 for CD4^+^ and from 0.35 ± 0.04 to 0.64 ± 0.12 for CD8^+^ T cells, respectively). The immune profile observed thus closely matched the protection level of each vaccine formulation, and indicates that an intermediate dose of 10 µg of MPLA is sufficient to elicit a significant activation of IFNγ producing T cells, with no activation of IL-4 producing cells, leading to improved infection control.10.1080/21645515.2018.1520581-F0007Figure 7.Effect of vaccine formulation on T cell phenotype.*T. cruzi*-infected mice were treated with the indicated vaccine formulations, including saline solution, rTSA-1, MPLA, combinations of rTSA-1+ MPLA at doses of 5, 10 and 15 µg, and TSA-1 DNA (N = 4 to 7 mice per group). Splenocytes were harvested at 50 days post-infection, and stimulated *in vitro* with rTSA-1. Antigen-specific CD4+ (**A** and **C**) and CD8+ (**B** and **D**) T cells were analyzed for their production of IFNγ (**A** and **B**) and IL-4 (**C** and **D**) cytokines. Vaccine treatment resulted in significant differences in IFNγ-producing CD4+ (Kruskal-Wallis = 25.24, *P *\< 0.001) and CD8 + T cells (Kruskal-Wallis = 25.96, *P *\< 0.001), as well as in IL-4-producing CD4+ (Kruskal-Wallis = 13.51, *P *\< 0.035) and CD8 + T cells (Kruskal-Wallis = 25.86, *P *\< 0.001). \* and \*\* indicate a significant difference with the saline control group (Dunn's post-hoc test, *P *\< 0.05 and *P *\< 0.01, respectively).

Finally, therapeutic vaccination with the DNA vaccine encoding TSA-1 induced an antigen-specific response that more closely resembled that induced by the recombinant protein vaccine with 15 µg of MPLA as adjuvant, with a significant stimulation of both IFNγ and IL-4 production by T cells. Again, this was in agreement with the limited control of *T. cruzi* infection afforded by this formulation of the DNA vaccine.

Discussion {#S0003}
==========

A rTSA1 production process was developed in this study, from its expression in *E. coli* as inclusion bodies. rTSA-1 was obtained highly pure (95%) after the initial Ni^+2^ affinity purification of solubilized inclusion bodies. However, a critical step was to develop an efficient refolding protocol. Although, more than 2000 experimental refolding protocols can be consulted in the REFOLDdb database,^[34](#CIT0034)^ only few of them are suitable for large production scale. Here, it has been shown that rTSA-1 can be refolded with yields up to 75% by a protocol using SEC chromatography with either a 82 ml CV or 475 ml CV column. The refolding protocol is reproducible as is shown by the consecutive refolding batches and can be scaled up using the chromatographic system available at production scale.^[35](#CIT0035)--[37](#CIT0037)^ The overall yield (20--25%) and the endotoxin level of the purified rTSA-1 suggested that the expression, purification and refolding process developed in this study is suitable for the production of rTSA-1. Importantly, all the steps involved in the production process of TSA-1 reported here are susceptible to scaling-up for the GMP production of TSA-1.

The evaluation of the therapeutic efficacy of rTSA-1 formulated with MPLA indicated that it was able to significantly control a *T. cruzi* infection in mice, as evidenced by a lower parasitemia, cardiac tissue inflammation and parasite burden. These findings were also associated with high levels of antigen-specific IFNγ levels, as well as IFNγ/IL-4 ratios. Remarkably, this formulation of rTSA-1 was more effective that TSA-1 DNA in controlling *T. cruzi* infection, highlighting our ability to induce a protective immune response with a recombinant protein formulation. However, it has to be noted that the efficacy of the DNA vaccine was lower than that observed previously, suggesting variability in the protective efficacy of this vaccine when formulated with AlPO~4~.^[15](#CIT0015)--[17](#CIT0017)^ The rTSA-1 antigen is thus a potential candidate for further optimization of a therapeutic vaccine.

The efficacy of rTSA-1 in controlling *T. cruzi* infection was critically dependent on formulation with a TLR-4 adjuvant, as the protein alone had negligible effect on the infection. This is in agreement with many vaccine studies showing that recombinant proteins alone fail to induce the appropriate Th1 immune response needed for the control of *T. cruzi*. Moreover, we observed that several TLR-4 agonists may be used with rTSA-1, and E6020 and GLA-SE even seem to be more potent than MPLA as they provided a similar therapeutic effect with a lower dose of adjuvant. Thus, optimized synthetic TLR-4 adjuvants appear very promising for inclusion in vaccine formulations. Interestingly, all three adjuvants alone induced significant control of *T. cruzi* infection. This is likely due to the strong ongoing immune response against abundant *T. cruzi* antigens already initiated by infection, which may be reoriented in a non-specific manner by the adjuvant during the acute phase. A comparable reorientation of the immune response has been observed with therapeutic DNA vaccines.^[16](#CIT0016),[18](#CIT0018)^ This immunotherapeutic effect of adjuvants appears similar to that of other immunotherapies such as CpG administration against *Leishmania* parasites, which can also promote a strong control of the infection.^[38](#CIT0038),[39](#CIT0039)^ It is also very likely that the therapeutic effect of adjuvant alone may wane as infection progresses to the chronic phase and circulating parasite antigen is much less abundant for immune stimulation.

Importantly, the dose of adjuvant was also critical for an appropriate (re)-orientation of the immune response by the therapeutic vaccine: a low dose of MPLA adjuvant was ineffective to alter the immune response, but a high dose induced an immune response too broad as it included both IFNγ- and IL-4-producing T cells. An intermediate dose was thus best, as it preferentially activated IFNγ-producing T cells, but not IL-4 production, thereby promoting a more polarized reorientation of the immune response, which in turn allowed a better control of *T. cruzi*. Further optimization of rTSA-1 vaccine formulation may thus be possible to improve the therapeutic efficacy of this vaccine candidate.

The study presented some limitations. One limitation was that vaccination was only evaluated during the acute phase of the infection, when high parasitemia and parasite burden are likely causing a strong activation of the immune system, which may overshadow some of the effects of the vaccines tested. For example, we did not detect major changes in antibody levels against TSA-1 in vaccinated animals, possibly due to the already high level of these antibodies induced by the infection itself. The strong effect of the adjuvants alone, which prevented to see clear differences between the adjuvant and rTSA-1 + adjuvant formulations, is also likely related to the ongoing acute infection, which provided a strong immune stimulation by multiple parasite antigens. However, we did not measure the immune response to whole parasite lysate or additional antigens to analyze this process. Such effects may be minimized during the chronic phase of the infection, when circulating parasite levels are much lower.

In conclusion, we developed here a scalable expression, purification and refolding process for the large scale production of rTSA-1 vaccine candidate and showed that this antigen is effective for the control of an ongoing *T. cruzi* infection in mice when formulated with various TLR-4 adjuvants. This antigen thus represents a potential candidate, which combined with other antigens such as Tc24 can broaden the immune response against the parasite, while re-orienting it to a more polarized Th1 phenotype, for an optimum control of *T. cruzi* infection. Thus, rTSA-1, possibly in combination with rTc24, is part of promising vaccine candidates for the development of a human therapeutic vaccine against *T. cruzi*.

Materials and methods {#S0004}
=====================

Expression, purification and refolding of the recombinant TSA-1 (rTSA-1) {#S0004-S2001}
------------------------------------------------------------------------

### Expression of rTSA-1 {#S0004-S2001-S3001}

The DNA sequence coding for the protective N-terminal fragment of TSA-1 (30--617 residues without signal peptide)^[30](#CIT0030)^ was amplified using the plasmid pcDNA3-TSA1 as a template^[40](#CIT0040)^ and subcloned into a pET41a (Novagen) expression vector with GST-tag deleted, and with His-tag expressed in C-terminus, by using NdeI/XhoI restriction sites. After being confirmed for the correct insert and reading frame by double-stranded DNA sequencing using vector flanking primer T7 promoter and T7 terminator, the recombinant plasmid DNA was transformed into *Escherichia coli* BL21 (DE3), and the best expression clone was selected for making a seed stock with 20% of glycerol. The production of rTSA-1 was performed in a 310 Bio-Flo fermenter (Eppendorf) containing 10L 2xYT medium (supplemented with kanamycin 50 µg/mL) in a batch culture fermentation. The fermenter was inoculated with *E. coli* BL21 (DE3)/pET41TSA1 seed stock. Cells were grown at 37°C, 500 rpm, until the optical density (OD~600~) reached 0.6, and expression of the recombinant protein was induced with 1 mM IPTG (USB) for 18 h at 30°C maintaining the DO at 30% saturation. Then, cells were separated by centrifugation, resuspended in 20 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM PMFS, 1 mM DTT. The cells were incubated 15 min with 1 mg/mL lysozyme at 30°C and with DNase 1 µg/mL at 37°C for other 15 min and lysed by three freezing/thawing steps. The soluble fraction (SF) and insoluble fraction (IF) were separated by centrifugation (29,000 g) for 30 min at 4°C; the pellet containing the inclusion body of rTSA-1 was stored at −20°C.

### Purification of rTSA-1 {#S0004-S2001-S3002}

To purify the rTSA-1 expressed as inclusion bodies, the pellet was washed twice in each following washing buffers by centrifugation (29,000 xg for 20 min at 4°C): buffer A (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 2 M urea, 2% Triton X-100), buffer B (20 mM Tris-HCl pH 8.0, 1 mM DTT, 2 M guanidine hydrochloride (GndHCl)) and buffer C (20 mM Tris-HCl pH 8.0, 1 mM DTT, 1% Triton X-114). After one last washing step with 20 mM Tris-HCl pH 8.0, the inclusion bodies (IB) were resuspended in the solubilization buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 5 mM imidazole, 1 mM β-mercaptoethanol and 8 M urea) and incubated overnight at RT with mild agitation in an orbital shaker. The supernatant (solubilized IB) was separated by centrifugation at 15,000 g for 30 min, filtered through a 0.45 µm membrane and stored at 4°C. The solubilized protein was purified by Immobilized Metal Affinity Chromatography (IMAC) using two 5 mL Ni-Sepharose 6 fast flow columns (GE Healthcare) in tandem using the NGC Q Chromatographic System (Bio-Rad). The columns (10 ml total column volume- CV) were equilibrated with 10 CV of solubilization buffer and 20 mL of solubilized IB were loaded onto the column at 0.5 mL/min. After a washing step with 3 CV of solubilization buffer, the protein was eluted with 3 CV of solubilization buffer containing 500 mM imidazole.

### Chromatographic refolding of rTSA-1 {#S0004-S2001-S3003}

rTSA-1 refolding was performed by size exclusion chromatography (SEC) using a 1.5 x 50 cm or 2.6 × 100 cm column packed with 82 mL or 475 ml of Sepharose 6FF (GE Healthcare, UK) respectively. All the chromatographic refolding batches were done in a NGC Q chromatograph (Bio-Rad, USA) at a linear flow rate of 53.3 cm/h. The columns were equilibrated with 1.2 CV of refolding buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 5% glycerol, 0.4 mM GSSG, 0.2 mM GSH, 1 mM PMSF) followed by a urea gradient in 0.3 CV from 0 to 8 M. Then, 2 or 25 ml (2.5--3 mg/ml) of purified and denature rTSA-1 were loaded into the 82 or 475 ml column respectively. Protein was eluted with 1.2 CV of refolding buffer. To test the reproducibility of the refolding protocol up to ten consecutive refolding batches were performed in each column.^[35](#CIT0035)^ Then, refolded rTSA-1 was loaded to a Ni-Sepharose 6 fast flow column and the refolding buffer of the eluted protein was exchange to PBS either by dialysis or a gel filtration step in a 1.6 x 70 column packed with 120 ml of Sepachryl-200 (GE Healthcare).

Sample analysis {#S0004-S2002}
---------------

All samples were analyzed under non-reducing and reducing conditions by SDS-PAGE in 10% acrylamide gels and stained with Coomassie Brilliant Blue. Protein concentration was determined in denatured samples by a densitometric and spectrophotometric method in refolded samples (ξ = 116100 M^−1^cm^−1^, MW 65.693 kDa). The Endotoxin level in both purified inclusion bodies and refolded protein was determined with the chromogenic method Limulus Amebocyte Lysate (LAL) (Pierce-Thermo Scientific, USA) following the indication of the provider. The concentration was calculated with a standard curve performed under the same conditions as the samples (R^2^ = 0.994) and reported as endotoxin units per mg of protein (EU/mg). All samples were analyzed in triplicate. The purity of rTSA-1 was estimated by a densitometric analysis using a Image Lab software (Bio-Rad) of several lanes of 10% SDS-PAGE loaded with different amounts of TSA-1.

### Mice and T. cruzi infection {#S0004-S2002-S3001}

Female BALB/c mice, 6--8 weeks old, housed in the institutional Animal Experimentation Unit of the "Dr. Hideyo Noguchi" Regional Research Center, were used in all experiments. They were infected via intraperitoneal with 500 blood parasites of the H1 strain and infection was monitored by measuring parasitemia every 3 days, from day 12 to day 30--40, using a Newbauer hematocytometer as in previous studies.^[15](#CIT0015),[17](#CIT0017)^ The protocol was approved by the Institutional Bioethics Committee of the Regional Research Center "Dr. Hideyo Noguchi" of the Autonomous University of Yucatan (Reference \#CBI-CIR-12--12).

### Therapeutic vaccination and vaccine efficacy {#S0004-S2002-S3002}

Infected mice were divided into groups of 5--8 mice, and received two doses of the vaccine at days 7 and 14 post infection, as before,^[16](#CIT0016),[17](#CIT0017)^ for the evaluation of vaccine therapeutic efficacy. Each vaccine dose consisted of 20 µg of rTSA-1, with 5, 10 or 15 µg of MPLA (Sigma-Aldrich), a potent TLR4 adjuvant,^[41](#CIT0041)^ administered via intramuscular. Additional groups of mice received rTSA antigen alone, or MPLA alone, or saline solution, as controls. One additional group of mice received two low doses of 20 µg TSA-1 DNA vaccine with AlPO~4~ as adjuvant^[42](#CIT0042)^ for comparison with the recombinant protein. Alternative adjuvants were also tested, including glucopyranosyl lipid A formulated in a stable emulsion (GLA-SE, IDRI, Seattle, WA) and E6020 (EISEI, Inc.),^[43](#CIT0043)^ both being synthetic TLR-4 agonists. The progression of infection was monitored by evaluating parasitemia, as detailed above. After 50 days of follow-up, surviving mice were euthanized and cardiac tissue removed to assess parasite burden by real-time qPCR in a Illumina® EcoTM thermocycler.^[19](#CIT0019),[22](#CIT0022)^ Cardiac biopsies were embedded in paraffin, to perform tissue sections, which were stained with hematoxylin and eosin. Tissue micrographs were taken at 40x magnification, and analyzed using Multispec to determine the density of inflammatory cells as described before.^[16](#CIT0016)^

### Antibody measurement {#S0004-S2002-S3003}

TSA-1-specific IgG, IgG1 and IgG2a were measured by ELISA. Briefly, 96-wells microplates were coated overnight at 4ºC with 0.125 µg of rTSA-1 in carbonate buffer. After washing, wells were blocked with 1% BSA for 1 h at 37ºC, washed five times, and 1:200 serum dilutions were added and incubated for 30 min at 37ºC. After five washes, a 1:1000 dilution of secondary antibody labeled with alkaline phosphatase was added (anti-IgG, or anti-IgG1 or anti-IgG2a) and incubated for 30 min at 37ºC. After washing five times, 1 mg/ml of p-nitrophenylphosphate substrate was added and the reaction was stopped by adding HCl 1N. Plates were read at 405 nm on an ELISA plate reader, and antibody levels were expressed as OD levels.

### T cell phenotyping {#S0004-S2002-S3004}

We evaluated the immune correlates for parasite control by measuring CD4^+^ and CD8^+^ T cells antigen-specific cytokine production by flow cytometry. Briefly, spleens were removed from euthanized mice, macerated on a sterile mesh, and cells were resuspended in RPMI 1640 medium. Following centrifugation at 160 g for 10 min at 4ºC, the cells were resuspended in a lysis solution (0.17 M Tris pH 7.2, 0.16 M NH~4~Cl) and incubated for 5 min at 37ºC to remove erythrocytes. The remaining splenocytes were washed three times with RPMI and resuspended in RPMI supplemented with 20 mM sodium pyruvate, 5 x 10^−2^ mM mercaptoethanol, 10 mM glutamine, and 10% fetal bovine serum. Viability of cells was assessed by Trypan blue exclusion and cell number was determined in a Neubauer chamber. Splenocytes (2X10^5^ cells/well in triplicate) were cultured for 24 h at 37ºC and 5% CO~2~, with or without stimulation with 50 µg/mL rTSA-1 or with 50 µg/ml of concanavalin A, respectively.

Following stimulation, cells were collected, washed with PBS and stained for 30 min at 4ºC with anti-CD3, anti-CD4 y anti-CD8 monoclonal antibodies labeled with Alexa fluor 647,PE-Cy7 and PerCP-Cy5.5, respectively (BD). After washing cells were permeabilized with 0.1% saponin during 30 min, washed again and intracellular staining was performed with anti-IFNγ and anti-IL-4 monoclonal antibodies labeled with Alexa fluor 488 and PE, respectively (BD). After two washes with FACS buffer, cells were fixed with 10% formaldehyde at 4ºC for 10 min, and resuspended in FACS buffer for analysis in a BD *FACSVerse* flow cytometer. A total of 100,000 events per sample were adquired and analyzed using FACSuite™ v1.0.5 software.

Briefly, lymphocytes were gated by size using a FSC-A vs SSC-A dot plot (Supplementary Figure 4), single cells were selected using a dot plot of SSC-A vs SSC-H. T cells were further identified by their expression of CD3 on a CD3-Alexa647 vs SSC-A dot plot. Next, CD8^+^ or CD4^+^ T lymphocytes were selected using a dot plot of SSC-A vs their cluster of differentiation. Finally, intracellular expression of cytokines (% of IFNγ^+^ or IL4^+^ cells) was evaluated using a dot plot of IFNγ-Alexa fluor 488 (or IL4-PE) vs SSC-A.

Statistical analysis {#S0004-S2003}
--------------------

Data are presented as mean ± SEM, except otherwise indicated. Comparison among vaccine groups was performed by ANOVA or Kruskal-Wallis tests for multiple groups, depending on the distribution of the data, followed by Dunn's post-hoc test. Differences in survival were assessed by Mantel-Cox log-rank test. All tests were run in Prism 6.0 software.
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